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current of 10 4 mA What value should 
V DS exceed? 

An enhancement NMOS FET has (3 = 0 5 x 
10~ 3 and Vj = 2.5 V Find the value of I D 
when (a) V GS = 6.14 V, and (b) V GS = 0 V 

An enhancement PMOS FET has (3 = 0 5 
X 10~ 3 and Vj = —2 V What is the value 
of V GS when I D = 10 32 mA? 

An enhancement NMOS FET has 
the transfer characteristic shown in 
Figure 5-37. 

(a) Graphically determine V GS when 
4 = 6 ,4 mA 

(b) Algebraically determine V GS when 

4 = 6 4 mA 

In the bias circuit of Figure 5-30, R t = 
2,2 mft,l ?2 = 1 mil, V DD = 28 V,R D = 2.7 kXl, 
and R s = 600 il If V GS = 5 5 V, find (a) I D 
and (b) V DS . 

In the bias circuit of Figure 5-38, R t = 470 
kH , V DD = 20 V, R d = 1, 5 kil, R s = 220 O, 
4 = 6 mA, and V GS = 6 V Find (a) V DS and 
(b) R 2 

The MOSFET in Figure 5-66 has [3 = 0 62 
x 10 3 and V 7 = -2 4 V Algebraically 
determine the quiescent values of I D , V GS , 
and V DS ,Verify the validity of your results, 


15 mo 
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FIGURE 5-66 Exercise 5-32 

SECTION 5-8 

Integrated-Circuit MOSFETs 

5-33„ What does CMOS stand for ? Why is it so 
named? 

SECTION 5-9 

VMOS and DMOS Transistors 

5-34. List and briefly describe three advan¬ 
tages of VMOS technology 

5 -35. What process is used to construct DMOS 
transistors? What is their primary appli¬ 
cation? What characteristics make them 
different from conventional MOSFETs? 


SPICE EXERCISES 


Verify the answers to Example 5-3 using 
SPICE analysis, BETA = 62SE-3,VTO = 
-4 for V GS = —1.5 V. Why do the answers 
in Example 5-3 differ from the SPICE 
results? 

Use SPICE to simulate the JFET chopper 
circuit shown in Figure 5-28, Use a 1-V 
p-p 1-kHz sinusoid for the input, a source 
resistance of 600 II, and a gate pulse of 
0 to -5 V with a pulse width of 100 ps and 
a period of 200 ps, The BETA of the tran¬ 
sistor is 7,5 E-4 and VTO = -4. 


VS 5 0 SIN(0 5 1kHz) ■' 'i 

RS 5 2 600 

VG 3 0 PULSE(0 —5 0 lps lps 100ns 200ps) 
MODEL NFET NJF BETA = 7 5E-4 VTO=-4 

Provide a plot of the input sinusoid, the gate 
pulse, and the output waveform What is the 
output waveform called? 
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OBJECTIVES 

Develop an understanding of the amplification function 
Visualize an amplifier in its different components. 

Rationalize the concepts of voltage, current, and power gains 

Perform circuit analysis using amplifier models 

Understand the difference between single-ended and differential 

amplifiers t 

Recognize and analyze cascading amplifier configurations.. 


INTRODUCTION 


IS 


Within an el^^ontext, *e «m 

Fsl=l====s 

^Te® Tconstder a basic stereo amplifier with a turntable (remember 

■BIB 

iffflsilfil 

Wimmm 

done using basic cir cuit theory 


Amplifier Fundamentals 


Consider the block illustrated in Figure 6-l(a), which shows two pairs of 
terminals. It is common in network analysis to refer to those pairs of ter¬ 
minals as ports In this context, the block is said to be a two-port network 
For our discussion, let port 1 be the input port and port 2 the output port. 
If we apply a voltage across the input por t, as illustrated in Figure 6-1 (b), 
and obtain a larger voltage across the output port, then we regard the block 
as being a voltage amplifier Additionally, if upon connecting a load resist¬ 
ance across the output port, as shown in Figure 6-l(c), the load or output 
current obtained is larger than the input current, then we say that the block 
is also a current amplifier An amplifier block can amplify voltage, or cur¬ 
rent, or both And as a consequence, it can also amplify power 

There are many types of amplifiers; some can amplify not only ac or sig¬ 
nal voltages but also dc voltages. Some others will produce sign inversion in 
addition to amplification.. Amplifiers that are designed to produce large 
amounts of output current to drive low-impedance loads are regarded as 
power amplifiers But there are several circuit parameters that are shared by 
all amplifiers, regardless of their type These are 

® input resistance, 

■ voltage gain, 
b cur rent gain, 

® output resistance, and 
power gain 

Input Resistance 

By definition, the input resistance of any network is the total equivalent 
resistance at its input terminals In other words, it is the resistance “seen” by 
the input signal source when connected to the amplifier Input resistance can 
also have different values depending on whether the input voltage or current 
is dc or ac Furthermore, it can also vary with the frequency of the applied 
signal But regardless of these facts, input resistance will always be defined 
as the ratio of input voltage to input current, as prescribed by Ohm’s law. At 
this point, however, let us make the (possible) distinction between dc and ac 
input resistance, namely, 
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g. = Villi (dc input resistance) 


where uppercase notation is 
for ac quantities 


. = vjij (ac input resistance) (6 ~ 2 

on is used for dc quantities and lowercase notatton 


z : r s rr „..— sbxssz 

v„„.t.. .»p,. ».«•- 

voltage gain is then defined by 


Let us stress the fact that voltage garners the^a.io^nd not the d^tence, 

l SiSiS sSd'to'be inverting and its value will be preceded by 
a negative sign 


I 


resistance, as seen in Figure 6-1(0 Utoe path tor F wou i d * 

short circuit across the output termma ~ rl ^ lize d by 4 

regarded as short-circuit current gain Current gain, syn 

therefore defined as 

L (6-4 

A <, 

We will specify the output current as 
minal Note that this is an ar ^® al ^* f ““ CUIient actua lly enters the p 
direction of the output current i enters (assumed reference) 

live output terminal when the input ( ^J ave D1 noninv 

positive input terminal, we say t direction f or the output • 

ing It is important to dai y n liteiatuie a nd textbooks use it 

s “ ~ r;™ «.—»-» **—• 

way or the other 

Output Resistance „. rhp , oa d re 


rrsssss?^? 
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r 0 — ~r~ (6-5) 

text 

where v ext is the applied external voltage and i ext is the resulting current, 
Alternately, the Thevenin or output resistance can be obtained by driv¬ 
ing the block with its normal input source to obtain the open-circuit voltage 
v oc and short-circuit current i sc at the output terminals The output resistance 
can then be expressed as 

r 0 - — (6-6) 

he 

Incidentally, you may recall that the short-circuit curr ent, by definition, is the 
Norton current J N from Norton’s theorem and that the ratio V lh // N is the 
Thevenin (or Norton) resistance 


Power Gain 

Power gain, symbolized A p , is defined as the ratio of output power to input 
power, that is. 


p Pi 


(6-7) 


But since p { = vfa and p 0 = v 0 i 0 , current gain can also be expressed as the prod¬ 
uct of the voltage and current gains, namely, 


A = ^o =AA . 

P 7 , 7 V1 

w i l i 


( 6 - 8 ) 


Input power can also be computed using any of the other familiar forms: 

Pi = i^i or Pi = hi (6-9) 

An important point: Voltage and current gain, as well as input and output 
resistance, can be determined using rms, peak, and peak-to-peak units, as 
long as consistency is observed. However, power calculations using the stand¬ 
ard formulas cited above must be carried out using rms units for both volt¬ 
age and current in order to obtain correct results Alternatively, the following 
modified formulas can be used for peak and peak-to-peak units, 


v„i. 


p = 


P = 


v pp 1 pp 


p p 
2 




2 R 


(peak units) 


iLR 


-pp 


8 


8 


~pp 

8 R 


(peak-to-peak units) 


( 6 - 10 ) 


( 6 - 11 ) 


Unless it is necessary to emphasize that we are using a particular form of 
voltage (peak, p-p, rms), we will simply use lowercase notation for ac quanti¬ 
ties with no units in particular Again, as long as we are consistent, all calcu¬ 
lations will be correct. 


Because input voltage and input current in an amplifier are related by the 
input resistance, and the output voltage is the product of output current and 
load resistance, we can obtain an expression for the voltage gain as a func¬ 
tion of the current gain as follows: 

Observing Figure 6-1 (c), input and output voltages are 


Vi = z> t - and v L = - i (/ R L 








EXAifLEig 


The loaded voltage gain is then 


V L -icfi-L 


which can be written as 


A v — Ai 


( 6 - 12 ) 


Equation 6-12 is a general 

will always hold true regardless of t yp entering the positive ter- 

vided both input and output current are detaed ent g J 

minals In case the output ^rrent “ “positiverelationship. 

use Of this expression to perfornr gain 
calculations and for developing other important formulas._ 

block with output at the vertex A h ^ a ® pli f iet has an ac current 

the amplifier is v t {t) - 0.7 + 0. 0 U» _ ? 8 x 10 - s + 4 x kt 6 sin 10 2 3 t A, and 

fhtaScis 0 4 V rms, find (1) A„ (2) Rj, (3)t 

(4) i 0 (rms), (5) R L , and (6) A p . 


Solution 

1 Pi (rms) = 0707(0.008 V-pk) = 5 66 X 10" 3 5 Vims 

v 0 (rms) _ 0-4 V _ 

A„ — /_7 r ca V 1 ft -3 V 


V{ (rms) 5 66 X 10 3 V 


= 70.7 


2 The dc input resistance is the ratio of the dc component of the input 
voltage to the dc component of the input curren . 

„ _ Yl = —MX_ = 25 kfl 

K ‘ /, 2 8 X 10 3 A 

3 The ac input resistance is the ratio of the ac components of the input volt 
age and current: 

= 0.008 v-pk 2 k n 

r ' i { 4 x 10 6 A-pk 

4 i. (rms) = AA (ms) - 80(0 ™7)(4 x 10 ' 6 A-pk) = 0 226 mA rms 

v a (r ms ) __04V_ = 17 70 a 

5 Rl i u (rms)" " 0 226 X 10 3 A 


(Example 6-1) v, (t) = o 7 + o 008 sin 10% V 


v = 0 4 V rms 
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FIGURE 6-3 Amplifier FIGURE 6-4 Amplifier model FIGURE 6-5 Amplifier 

model with a voltage- with a current-controlled model with a voltage- 

controlled voltage source current source controlled current source 



Note that the power gain can also be computed in this example as the prod¬ 
uct of the voltage and current gains: A p = A V A { = (70.7)80 = 5656 The small 
difference between the two results is due to roundoff error 


6-3 AMPLIFIER MODELS _ 

Now that we have a good idea of how an amplifier behaves with respect to in¬ 
put and output terminals, let us look at equivalent circuits, called models, that 
\ emulate the internal behavior of an amplifier We will use special kinds of 

sources called dependent, or controlled, voltage and current sources Addition¬ 
ally, we will adopt the standard symbol for dependent sources: a tilted square.. 

The model in Figure 6-3 employs a voltage-controlled voltage source 
(VCVS) on the output circuit Notice that the output resistance, r 0 , appears 
in series with the VCVS Notice also the labeling of the VCVS: A v v { ; it means 
that the voltage generated by the VCVS is the input voltage times the 
dimensionless factor The input voltage is said to be the controlling vari¬ 
able As you can see, this model is based on voltage gain 

The model shown in Figure 6-4 makes use of a current-controlled cur¬ 
rent source (CCCS) and a parallel output resistance, that is, a Norton equiv¬ 
alent circuit.. Note that this model is based on current gain because the 
current generated by the CCCS is the input current times the dimension¬ 
less factor Ai. 

The last model we will consider is shown in Figure 6-5 It employs a 
voltage-controlled current source (VCCS) on the output TheVCCS generates a 
current that is proportional to the input voltage The factor g m is called the 
transcounductance of the amplifier and has units of siemens 

These models are used with all types of amplifiers, whether they employ 
vacuum tubes or semiconductor devices such as transistors Furthermore, 
they can be used in amplifiers based on a single electronic device as well as 
in those built with multiple devices In a later chapter we will study 
operational amplifiers, which are multitransistor structures in integrated 
circuit form Operational amplifiers are the basic and most important build¬ 
ing blocks in all modern amplifier designs 
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FIGURE 6-6 r s and r, form a 
voltage divider across the 
amplifier input The voltage gain 
from source to output is reduced 
by the factor r/Os + U)- 


signal 

source 


foma P volL"d e ;r across the input to the amplifier The input voltage at 
the amplifier is 


r A r s + r i) .1 * Hr + r.) ~ 1 so there is little reduction 

If r. is much larger than r s , then Ws 0 » Tf - therefore 

““on Aether hand, if current amplification is desired, the amplifier 

3£==EH=S 

"*S. »6-;,.!,««;«dcliveied 

source current i s reduced by the factor r s 0* « The overall cur- 

much less than r s to make the quantity r s /(r s + rj close to 1 Ihe 

rent gain from source to output is 


-1- 

1 

1 

1 

r S 

*r 

-sH 




FIGURE 6-7 A current amplifier should have a small input resistance in order to 
make the quantity r^{r s + r<) close to 1 


The amplifier shown in Figure 6-8 has A { = 10 and r { = 10 ka It is driven by 
a signal source that has source resistance r s Find the overall voltage gain 
from source to output when (1) r s = 1 kQ and (2) r s = 10 ka Note: Observe 
the orientation of i 0 „ 

Solution 

1 r s = 1 kfi (r s = 01 A v = = 10 (||) = 20 

2 r s = 10 ka = 0 lt s ) 


= 18 2 


— = 20 


10 k 

10 k + 10 k 


This example shows that when r s — 0.1 r„ the voltage gain is reduced by 
about 10%; when r f - r s> the voltage is reduced by 50% 


Load Resistance 

An ac amplifier is always used to supply voltage, current, and/or power to 
some kind of load connected to its output The load may be a speaker, an 
antenna, a siren, an indicating instrument, an electric motor, or any one of 
a large number of other useful devices, Often the load is the input to an¬ 
other amplifier. Amplifier performance is analyzed by representing its load 
as an equivalent load resistance (or impedance) When a load resistance R L 
is connected to the output of an amplifier, there is again a voltage division 


FIGURE 6-8 (Example 6-2) 


1000 ft 




R l - 2 kft 
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FIGURE 6-9 The output voltage from an 
ac amplifier divides between r 0 and the load 
resistance R L 





between the output resistance of the amplifier and the lo ad_ Figure 6-9 

shows aThevenin equivalent circuit of the output of an ac amplifier in which 
shows a lneyemx 4 , vrv c series with r„ As can be seen m 

the output circuit is modeled by a VCVb in series wnn r 0 

the figure, the load voltage v L is determined by 


r n + Rl 


(6-16) 


Note that A v should be regarded as the open-circuit (or unloaded) output 
vohage Fota voltage amplifier, r 0 should be much smaller than R L rn order 
to maximize the portion of A v v { that appears across the load 

When the effects of both r s and R L are taken into account, the overall volt- 

age gain A vs from source to load becomes 




T 0 + Rl 


(6-17) 


Wh ‘ then &0m the maXimUm 

power transfer theorem, maximum power is transferred from 
amplifier when r, = r s Similarly, if the ampltfrer has fixed output resistance 
r*en maximum power is transferred from the amplifier to a load when 
R = r The amplifier is said to be matched to its souice when r, s 
matched tolts load when * = v (We should also note that ^he-luesof^ 
and r 0 can be controlled, maximum power transfei occurs wh s 

r = 0, irrespective of the values of and R L ) , , , • _ a 

As we have seen, the output of an amplifier can also be modeled using a 
current source in parallel with the output resistance, as shown m Figure 6 10. 
This is the Norton equivalent, which can be very useful for devices that are 

more current oriented such as transistors,. 

Toadine effects under this situation are opposite to those tor tn 
Thevemn model It is apparent that in this case more current will flow 
through the load if R L is much less than r. Therefore, a well-designed^current 
amplifier should have relatively large output resistance, as opposed to a volt 
aae amplifier whose output resistance should be as small as possible The 
direction shown for the current depends on the particular device and con¬ 
figuration used in the amplifier. The open-circuit output voltage is clearly 


V a lo r o 


(6-18) 


FIGURE 6-10 Norton equivalent 
of the output The current i 0 can be 
a function of v { or t f . 
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where i can either be g m v t or A.-i, With the load resistance connected the 

na“l! thatTs ° btained ^ mUltipIyin8 times the P™ “mbi- 

v l ~ ioiroWRi) ( 6 - 19 ) 

or by using voltage division on the open-circuit output voltage (i r ) in series 
with the output resistance r„ that is, “Thevenizing" the parXl chc^t Sus, 


v i = (V.) 


Rl + r. 


which is equivalent to (6-19) 

Alternatively, we could have performed current division to obtain i in 
terms of i 0 and then multiplied by R L to obtain the load voltage v L , that is, 


which yields (6-19) ot (6-20) 

Inverting and Noninverting Amplification 

^ a h rd d d lready . learned that when an amplifier produces sign inversion it is 
regarded as an inverting amplifier The models of Figures 6-3 6-4 and 6 -S 

are all of the nonrnverting type, because a positive input voltage produces a 
posmve output voltage An inverting model can be obtained by ehhet fl p 

S 71 t n he / t epen f dent SOU r e ° r by indicat “i a negative Voltage m current 
gam, or a negative transconductance factor: 

the nan?r eX H mi f e ’ Fig f UIe 6 . -11 Sh ° WS an inveitin S amplifier modeled with 
the transconductance function g„,. Note the orientation of theVCCS, which 

mSsc “* » *• 

First, the voltage across the input, using voltage division is 


v { = v s 


r s + r'i 


The loaded output voltage is clearly 

V L = -§mVi{r o \R L ) 

that yields 

v L = ~gm»s~-{r 0 \R L ) 

r S + 7 i 


FIGURE 6-il Inverting amplifier 
with the ti ansconductance model 













from which we solve for the overall gain A, 


further illustrate analysis with models, let us also find the loaded cur- 
rin from the input source to the load resistance, that is, ijis Using the 
Lt-division rule on the parallel output circuit we can write 

■ v. : -^a 


EXAMPLE 6-3 


— — T ° 

• — Sm r i , p 

Is r 0 + K l 


The amplifier shown in Figure 6-11 has the following parameters :, -24k!!, 
p = 48 mS, r = 75 kO The amplifier has an external resistor Kj - 12 kil 
connected across the input terminals, and the load resistance is 10 kft If raj 
input source resistance is 1 kQ, find: 

1 The overall current gain i L /is 

2 The overall voltage gain A vs 

3 The power gain from the input to the load resistance. 


Solution 

1 Using (6-26) and taking into account the current-division effect at 
input, we write 

Ri 


l L _ _ 

u" 8m ' i Kr 0 + R L J\Rt + r i 


= -84.7 


2 To take into account R t in the calculation of the overall voltage gam, 
simply put it in par allel with in (6-24): 

^r - 2824 ::fj 

3 The power gain from input to load can be obtained as the product of 
voltage and current gains, provided the voltage gain is with respect M 
From (6-22), this gain is 


Vl 

Vi 


- sM\Rl) = -423 5 


and the power gain is 


Ill Cl Cil L1CL1 ^ , 

The models of Figures 6-3, 6-4, and 6-5 are referred to as srngle-e«TJ 
amplifiers, meaning that both input and output voltages are reference 
ground Another form, called differential amplifier , employs a double-en 


OV 


-OV 


o- 


nGURE 6-15 A 
differential amplifier with 
double-ended output 


° v o = A d V s 




differpnfial 11 FIGURE 6-13 An input signal FIGURE 6-14 Basic 

differential amplifier connected in the differential mode differential amplifier 


model 


input. The output can either be single- or double-ended. A double-ended or 
differential input consists of two terminals as shown in Figure 6-12 

The basic relationship between input and output in a differential 


v 0 A d (v;j Vj 2 ) 


(6-27) 


where A d is the differential voltage gain of the amplifier Note that the out- 
putvokageis the differential gain times the difference between the two input 
voltages This difference is called the differential input voltage; however, in 
most practical situations there will only be one input signal which will be 
connected m a “floating” mode as shown in Figure 6-13 

A very common application of differential amplifiers is in microphone 
signal amplification, Due to the normally long cables associated with mi¬ 
crophones, noise and interference will be picked up by the conductors. If a 
pair of twisted wires with an overall grounded shield is used for connecting 
the microphone to the differential amplifier, each of the conductors of the 
twisted pair will carry identical noise voltages, thereby cancelling at the dif- 
ferennal amphfre 1 . The signal voltage across the twisted pair appears as a 
differential input voltage and will be amplified by the differential gain. In 
a Jater chapter we will look at noise calculations in differential amplifiers. 

An important issue regarding differential amplifiers is that, if needed 
they can be used as conventional (signal-ended) inverting or noninverting 
amplifiers A noninverting amplifier can be obtained by applying the input 
signal to the nomnveiting ( + ) input while connecting the inverting (-) input 
to ground Similarly, an inverting amplifier is obtained by using the inverting 
( ) mput terminal and grounding the noninverting (+) one 

A basic model for a differential amplifier is shown in Figure 6-14 The 
single-ended output includes the output resistance r 0 „ 

In certain applications, there is need for the output to be differential as 
well. Figure 6-15 shows a differential amplifier with double-ended output In 
tnis case the input-output relationship is expressed as 

v oi ~ v o2 = A d (v a - v i2 ) (6-28) 

where the output signal is also a differential voltage that appears across the 
two output terminals. Double-ended outputs are useful when there is need for 
sending an output signal from a differential amplifier, through a long cable 
to another deferential amplifier: This way, the noise-cancelling property of 
differential amplifiers is preserved throughout the amplification process 


In many applications, a single amplifier cannot furnish all the gain that is 
required to drive a particular kind of load. For example, a speaker represents a 
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FIGURE 6-16 Iwo amplifier 
stages connected in cascade 


Vj] = 10 mV rms 


v o , _ v /2 - 200 mV rms 


be required to ‘ boost a signa ongi amount 0 f power to the speaker, 

head to a level sufficient to P ro , QUtput amplifiers, all of which 

We hear of preamplifiers, power a \p ^ ’ svstem Actually, each of these 

constitute stages of amphfication^ Q f individual transistor amplifier 

% an^, gain through the 

useof two or more stages are to the input of 

When the output of one amphfier s g ^ R 6-16 shows two 
another, the amplifier stages are; h h oveia u voltage gain of the 
stages connected m cascade Jo dictate bow ^ tQ the fiist stage is 

combination is computed, let u A , 20 , as shown 

10 mV rms and that the voltage gam of each s g • - = 200 mV 

in the figure The output of the Che output of the 

„ns Thus, the input to the second stag 2 =4Vl ms Therefo.e,the 
second stage is, therefore, A 2 v a - 20(2W mv ; 

overall voltage gain is 

Voz = 4 V rms _ 400 
Av v a 10 mV rms 

Notice that A v = Ap4 2 = (20)( ^" 4 ^ b {rl) {) f stages connected in cas- 
Figure 6-17 shows an aib.rary numbe, ^ ^ sucteeding 

cade Note that the ou ^ ^ ^ ive an expie s S ion fot the ovetall 

voltage gain 'v 0 Jvii i n -ms of the individual s«*e gains f^ire voltagegl 

^ ^ ^ * (more 
about that impoitant assumption later) 

Bv definition, 

^<11 - ^l V il 


V 0 2 — A 2 V\2 A 2 V ol 


FIGURE 6-17 n amplifier stages 
connected in cascade The output 
voltage of each stage is the input 
voltage to the next stage 


= V i2 

^\v o2 =Vj3 

A ' -1 

A 2 'A’ - 


‘on-l" v t n 


(6-30) 
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Substituting v ol from (6-29) into (6-30) gives 


Similarly, 


and, from (6-31), 


V o2 ~ (-42-dl)fil 


V o3 ~ A 3 V i3 — A 3 V o2 


(6-3i; 


V o3 — 

Continuing in this manner, we eventually find 

V o,n = V L ~ (An A ,,-i A 2 Ai)v il 

Therefore, 


(6-32) 


Equation 6-32 shows that the overall voltage gain of n cascaded stages is the 
product of the individual stage gains (not the sum!) In general, any one or more 
of the stage gains can be negative, signifying, as usual, that the stage causes a 
180° phase inversion It follows from equation 6-32 that the cascaded amplifiers 
will cause the output of the last stage ( v 0>n ) to be out of phase with the input to 
the first stage (v {i ) if there is an odd number of inver ting stages, and will cause 
v o,n to be ip phase with v n if there is an even (or zero) number of inver sions. 

Our derivation of equation 6-32 did not include the effect of source or 
load resistance on the overall voltage gain. Source resistance r s causes the 
usual voltage division to take place at the input to the first stage, and load 
resistance r L causes voltage division to occur between r L and the output 
resistance of the last stage Under those circumstances, the overall voltage 
gain between load and signal source becomes 


r s + Gi 


A n ~\ 


r 0 ,n + r L 


(6-33) 


where r tl — input r esistance to fir st stage and r on = output r esistance of last stage 


'EXAMPLE 6-4 


Figure 6-18 shows a three-stage amplifier and the ac rms voltages at several 
points in the amplifier;. Note that is the input voltage delivered by a signal 
source having zero resistance and that v 3 is the output voltage with no load 
connected. 

1.. Find the voltage gain of each stage and the overall voltage gain v 3 /v t .. 

2. Find the overall voltage gain v L /v s when the multistage amplifier is driven 
by a signal source having resistance 2000 H and the load is 25 O Stage 1 
has input resistance 1 kO and stage 3 has output resistance 50 f l 

3 What is the power gain under the conditions of (2) (measured between 
the input to the first stage and the load)? 

4.. What is the overall current gain i L li t under the conditions of (2)? 
Solution 

1 A ± = (36 mV)/(900 p.V) = 40 
A 2 = (1.25 V)/(36 mV) = 34.722 
A 3 = (21 V)/(l 25 V) = 16.8 
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Interstage Loading 

It is important to remember that the gain equations we have derived are 
based on the in-circuit values of A u A 2 , , , that is, on the stage gains that 
result when all other stages are connected. Thus, we have assumed that 
each value of stage gain takes into account the loading the stage causes on 
the previous stage and the loading presented to it by the next stage 
(except we assumed that A r did not include loading by r s and A n did not 
include loading by r L ) If we know the open-circuit (unloaded) voltage gain 
of each stage and its input and output resistances, we can calculate the 
overall gain by taking into account the loading effects of each stage on an¬ 
other Theoretically, the load presented to a given stage may depend on all 
of the succeeding stages lying to its right, since the input resistance of any 
one stage depends on its output load resistance, which in turn is the input 
resistance to the next stage, and so forth In practice, we can usually ignore 
this cumulative loading effect of stages beyond the one immediately 
connected to a given stage, or assume that the input resistance that repre¬ 
sents the load of one stage to a preceding one is given for the condition 
that all succeeding stages are connected . 

To illustr ate the ideas we have just discussed, Figure 6-19 shows a thr ee- 
stage amplifier for which the individual open-circuit voltage gains ^ol> o2> 
and A o3 are assumed to be known, as well as the input and output resistances 
of each stage From the voltage division that occurs at each node in the sys¬ 
tem, it is apparent that the following relations hold: 



FIGURE 6-19 A three-stage amplifier A ol , A o2 , and A o3 are the open-circuit 
(unloaded) voltage gains of the respective stages. 
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Combining these relations leads to 

As might be expected, equation 6-34 show^th^th^overaUvohage 

multistage amplifier is the product ° erreuri^S of each stage 

by the voltage-division ratios tha fol t he loading between 
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source resistance for the next s ^ a S e t source (CCCS or VCCS) 

In amplifiers modeled wlt ™ P e nt division between the output 
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2 K L’S-—U and the overafi voltage 

’ Rafting on the input side, we can write an expression for the input 
current as 

._ vs 

ll1 T S + tji 

Using the current division rule, the input current to the second stage can be 
expressed as 

r ol a , 

*“ = 7^7a Ai " a 


_JLsA _ A ——— 

r 0 i + Ta A r s + r a 
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Similarly, the load current is 


ll - . n ‘-uru. 

r o2 + R L 

r o2 A 7 *k _ .A.* -—- 

T o2 + R L r ol + r i2 r s + r a 

which yields the overall transconductance in terms of current gains: 

i L Aj\Aj 2 ( r oi A ( r j>k—\ (6-35) 

v s ~ r s + TnKToi + r i2 ) \r o2 + r lJ 
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FIGURE 6-20 Two amplifier stages with interstage loading in 
the form of curient division 
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To obtain an equation for the overall voltage gain, it suffices to recognize 
that the output voltage is the product of i L and R L , which yields 


v l _ A^A^Ri/ t 0 i \ f r o2 \ 
vs *s + r n W + r i2 ) \r o2 + Rj 


(6-36) 


The last two terms in equation 6-36 are the two current division fractions If both 
output resistances approach infinity, which is the case for ideal amplifiers, then 
both current division fractions will approach unity Therefore, the first term in 
equation 6-36 represents the overall voltage gain under ideal conditions 

Invoking the general form A v = AfRi/r'i ) we can easily establish in 
equation 6-36 that the overall current gain must be 


A,(ovr) = A a A i2 ' 


r 0 i A 
Tol + r i2J 


r o2 \ 
Jo 2 + Rl) 


(6-37) 


Note also that r s + r a would be the input resistance immediately following v s , 
even though r s is the internal resistance of the source v s Therefore, if we remove 
the r s term in equation 6-36, the resulting expression would be the voltage gain 
vjv b referenced to the voltage across the input terminals of the amplifier, 


SUMMARY 

This chapter has presented the basics of the amplification function in gen¬ 
eral terms, that is, without regard to the actual devices employed in the con¬ 
struction of amplifiers At the end of this chapter, the student should be able 
to understand the following concepts: 

a Amplifiers are used for boosting electrical signals 
B Amplifiers are characterized by a set of functional parameters 
B Amplifiers can be analyzed through equivalent electric circuits called 
models 

E There are different approaches for the modeling of amplifiers 
B The amplification of signals can be inverting or noninverting, 

R Amplifiers can be single-ended or differential 

n Differential amplifiers can reduce noise and interference 

s Two or more amplifiers can be cascaded to form a multistage amplifier 


EXERCISER_ 

SECTION 6-2 

Amplifier Characteristics 

6-1, An ac amplifier has a voltage gain of 55 
and a power gain of 456 5 The ac output 
current is 24 9 mA rms and the ac input 
resistance is 200 fl Find 

(a) the current gain, 

(b) the rms value of the ac input current, 

(c) the rms value of the ac input voltage, 

(d) the r ms value of the ac output voltage, 

(e) the ac output resistance, and 

(f) the output power 


6-2. An ac amplifier has a current gain 
of 0 95 and a voltage gain of 100 The 
ac input voltage is 120 mV rms and the 
ac input resistance is 25 II Find the out¬ 
put power 

6-3 The signal source connected to the 
input of an ac amplifier has an internal 
resistance of 1. 2 kfl The voltage gain of 
the amplifier from its input to its out¬ 
put is 140. What minimum value of 
input resistance should the amplifier 
have if the voltage gain from signal 
source to amplifier output is to be at 
least 100 ? 


















The amplifier in Figure 6-21 has 
current gain A { = 80 from amplifier in¬ 
put to amplifier output Find the load 
current i L . 

An ac amplifier is driven by a 20-mV-rms sig¬ 
nal source having internal resistance 1 kft 
The output resistance of the amplifier is 
50 ft The voltage gain of the amplifier from 
its input to its (open-circuit) output (A„) is 
150 What power is delivered to the load if 
the amplifier is matched to its source and 
matched to its sour ce and load? 


ance is 90 kft If “= 60 mV tins, r s = 
600 ft, and R L = 1 5 kft, find the power 
delivered to the load 


SECTION 6-4 

Multistage Amplifiers 

6-9 The in-circuit voltage gains of the stages 
in a multistage amplifier are shown in 
Figure 6-22 Find 

(a) the overall voltage gain, vjv in ; and 

(b) the voltage gain that would be 
necessary in a fifth stage, which, if 
added to the cascade, would make 
the overall voltage gain 10" 

6-10 The in-circuit voltage gains of the stages 
in a multistage amplifier are shown in 
Figure 6-22 (The gain of the first stage 
does not include loading by the signal 
source and that of the fourth stage does 
not include loading by a load resistor) 
The input resistance to the first stage is 
20 kft, and the output resistance of the 
fourth stage is 20 ft The amplifier is 
driven by a signal source having resist¬ 
ance 25 kH, and a 12-ft load is connected 
to the output of the fourth stage If the 
source voltage is v s - 5 mV rms, find 

(a) the load voltage, 

(b) the power gain, between the input to 
the first stage and the load 

6--11. It is desired to construct a three-stage am¬ 
plifier whose overall voltage gain is 500 
The in-circuit voltage gains of the first two 
stages are to be equal, and the voltage 
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Using the model of Figure 6-3 and plac¬ 
ing a short circuit across the output ter¬ 
minals, show that the short-circuit 
current gain, A isc (current entering out¬ 
put ter minal), is given by 


An amplifier modeled as in Figure 6-4 has 
= 5 kft, At = 130, and r 0 = 90 kft A current 
source i s with internal resistance of 15 kH is 
connected to the input of the amplifier;, and a 
load r esistance of 2 kft is connected across the 
output terminals If is — 1 mA rms, what is the 
voltage across and the current through the 
load resistance? 

An amplifier modeled as in Figure 6-11 
has input resistance of 3 kft, its transcon¬ 
ductance is 55 mS, and the output resist¬ 


0 01 mA rms 
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FIGURE 6-23 (Exercise 6-12) 


gain of the third stage is to be one-half 
that of each of the first two What should 
be the voltage gain of each stage? 

The open-circuit (unloaded) voltage 
gains of the stages in the multistage 
















